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Calmegin is a putative testis-specific molecular chaperone required for the heterodimerization of fertilin / and the
appearance of fertilin  on the sperm surface. Calmegin-deficient mice are almost completely sterile. The cause of the
sterility initially was considered to be impaired abilities in sperm/zona pellucida (ZP) and sperm/egg plasma membrane
(EPM) binding, and in the ascension of sperm to the oviduct, phenotypes similar to those seen in sperm from fertilin
-deficient animals. We have developed a new method in which eggs were prepared without any detectable ZP3 on their
surfaces by using a piezo-driven micromanipulator. Using these eggs and sperm containing the green fluorescent protein in
their acrosomes, which can distinguish acrosome-intact from acrosome-reacted sperm, the binding and fusing abilities of
calmegin-deficient sperm were reexamined. Under these conditions, acrosome-reacted sperm retained their ability to bind
to and fuse with the EPM. The reduction in EPM binding of sperm from the calmegin/ animals was apparently due to the
artifactual binding of large numbers of acrosome-intact sperm from calmegin/ mice to ZP remnants remaining on the EPM
prepared with acidic Tyrode’s solution. Thus, the sperm defect in calmegin-null animals is not at the level of sperm–EPM
binding but rather may involve either sperm–ZP binding and/or sperm transit to the oviduct. Because fertilin  is absent
from calmegin-deficient mice, these results also suggest that the role of fertilin  in sperm–EPM interaction needs to be
reevaluated. © 2002 Elsevier Science (USA)
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Mammalian fertilization is a complicated process that is
mediated by a number of cell–cell and cell–extracellular
matrix interactions (Yanagimachi, 1994). During their tran-
sit through the female reproductive tract, sperm can bind to
both the uterine and oviductal epithelium. Binding to the
oviductal epithelium acts as a sperm reservoir until ovula-
tion occurs (Suarez, 1998). The sperm then reach the oocyte
and penetrate the cumulus cell layer by hydrolyzing the
hyaluronic acid of the extracellular matrix. They recognize
and bind to ZP3, one of the three glycoproteins that
1 On sabbatical leave from the Center for Research on Reproduc-
tion and Women’s Health, University of Pennsylvania Medical
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2 To whom correspondence should be addressed. Fax:(81)-6-348comprise the extracellular zona pellucida (ZP) surrounding
the egg (Bleil and Wassarman, 1980). Although a number of
molecules have been postulated to be the sperm ligand for
ZP3 (Wassarman, 1999), its identity remains unknown.
Following ZP binding, sperm undergo the acrosome reac-
tion (AR), releasing various enzymes which allow the sperm
to penetrate the ZP. The sperm enters the perivitelline
space and adheres to the egg plasma membrane (EPM), and
sperm–egg fusion occurs.
A number of molecules, both on the sperm and egg
surfaces, have been implicated in various aspects of these
processes. In particular, fertilin, a heterocomplex of the
sperm surface proteins fertilin  and  (also known as
ADAM 1 and 2), is thought to play a critical role in
sperm–egg membrane binding and fusion through the in-
teraction of the disintegrin domain of fertilin  with an
integrin on the egg surface (Almeida et al., 1995; Blobel et
al., 1992). In fact, sperm from fertilin -null mice show6879-8376. Email: okabe@gen-info.osaka-u.ac.jp.0012-1606/02 $35.00
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impaired binding and fusion to the EPM (Cho et al., 1998).
Interestingly, these sperm also have defects in ZP binding
and transit through the oviduct (Cho et al., 1998).
Proteins other than sperm surface components also affect
sperm–egg interactions. Calmegin is considered to be a
spermatogenic cell-specific molecular chaperone present on
the membranes of endoplasmic reticulum that is expressed
during both meiosis and spermiogenesis. The protein is
54% identical at the amino acid level to the ubiquitously
expressed chaperone, calnexin (Watanabe et al., 1994). After
disruption of the calmegin gene by homologous recombina-
tion, male mice are almost completely sterile. Although
sperm have a normal morphological appearance and motility,
defects in transport to the oviduct and ZP-binding ability are
apparent (Ikawa et al., 1997, 2001). In addition, these sperm
show a reduced binding to the EPM (Ikawa et al., 2001).
Because sperm from both the fertilin  and calmegin
knockout animals show defects in migration to the oviduct
and the loss of ZP and EPM-binding ability, we previously
analyzed the association of calmegin with the fertilins.
Calmegin specifically interacts with fertilin  and  in the
testis of normal mice. Furthermore, the loss of calmegin by
homologous recombination results in the subsequent dis-
appearance of the fertilin / heterodimer in the testis and
fertilin  in sperm (Ikawa et al., 2001) and could explain
why sperm from calmegin and fertilin  knockout mice
show a similar phenotype. Although sperm from calmegin
knockout animals show reduced binding to the EPM, they
could fertilize eggs when the zonae were partially removed,
suggesting that fusing ability was not impaired even in the
absence of fertilin  (Ikawa et al., 2001).
Since the AR occurs when sperm bind to the ZP, to assay
sperm binding to the EPM, it is important to assay only the
binding of acrosome-reacted sperm. A limitation of experi-
ments that examine sperm–EPM binding is that it was not
possible to discriminate between the binding of acrosome-
intact and acrosome-reacted sperm to eggs in which the
zonae had been removed. In this report, we combined the
use of “green sperm,” i.e., sperm having the green fluores-
cent protein (GFP) in their acrosomes, which can distin-
guish acrosome-intact from acrosome-reacted sperm (Na-
kanishi et al., 1999), with a new method in which ZP-free
eggs were prepared by using a piezo-driven micromanipula-
tor and without the use of chemicals and/or enzymatic
treatments to evaluate the binding and fusing abilities of
calmegin-deficient sperm. Under these conditions, sperm
from calmegin knockout mice showed normal levels of
binding to the EPM and subsequent fusogenic ability.
Unlike ZP-free eggs prepared with acidic Tyrode’s solution,
ZP-free eggs prepared with a micromanipulator did not
leave remnants of ZP3 on the EPM, indicating that previous
results were most likely due to the artifactual binding of
acrosome-intact sperm to “ZP-free” eggs. Thus, it appears
that the sperm defect in calmegin-null animals is not at the
level of sperm–egg plasma membrane binding but rather
may involve either sperm–ZP binding and/or sperm migra-
tion through the female reproductive tract. Because fertilin
 is not present in sperm from calmegin-deficient mice,
these results also suggest that fertilin  is not involved in
sperm–EPM interaction.
MATERIALS AND METHODS
Animals Used
A transgenic mouse line, C57BL/6 (act acr-EGFP) OsbC3-N01-
FJ132, was obtained by introducing a transgene containing the
mouse proacrosin promoter with the acrosin N-terminal peptide
fused to the amino terminus of EGFP (Nakanishi et al., 1999). The
pCX-EGFP plasmid which expresses EGFP throughout the animal
was coinjected to facilitate the identification of transgenic mouse
lines by visualizing pups with a hand-held UV light (Okabe et al.,
1997). The transgenic mice were bred with B6C3F1, and the
resulting offspring were mated with the calmegin knockout mice
(Ikawa et al., 1997) to generate the “double” transgenic mouse lines
that produce “green sperm” in which the calmegin gene was
nonfunctional.
Preparation of ZP-Free Eggs
Female B6D2F1 mice (older than 3 months old; Japan SLC, Inc.,
Shizuoka, Japan) were superovulated following intraperitoneal in-
jections of PMS (Teikoku Zoki, Co. Ltd) and HCG (Teikoku Zoki
Co. Ltd) at 48-h intervals. Eggs were recovered 13 h after HCG
injection and placed in a modified Krebs–Ringer bicarbonate solu-
tion (TYH medium) containing glucose, sodium pyruvate, bovine
serum albumin, and antibiotics (Toyoda et al., 1971). Eggs were
treated with hyaluronidase (Sigma Type I-S, 150 units/ml) and
washed with TYH medium. ZP-free eggs were prepared by two
different methods. The first method used a previously described
procedure in which eggs were incubated with acidic Tyrode’s
solution (Sigma) (Hogan et al., 1996). Briefly, cumulus-free eggs
were transferred into 50-l drops of acidic Tyrode’s solution and
pipetted several times until the ZP were dissolved under the
stereoscopic microscope (approximately 30 s). The eggs were then
washed three times in TYH medium and incubated in TYH
medium for more than 1 h to allow surface proteins to recover
(Evans et al., 1997a). For the second method, we developed a
mechanical technique to remove the ZP which does not rely on
chemicals or enzymes. A piezo-manipulator PMAS-CT150 (Prime
Tech LTD., Japan) was used for drilling the ZP. The drilling pipette,
prepared from a borosilicate glass tube (Sutter Instrument CO.,
B100-75-10), was pulled by using a Sutter P97 puller to make a
diameter of 10 m. A few microliters of mercury were added to the
tip of the pipette to enhance the drilling efficiently. Then, the
pipette was attached to the micromanipulator and the pipette wall
was first soaked with 12.5% PVP in Hepes–CZB (Kimura and
Yanagimachi, 1995). A slit was formed on the ZP by applying a
piezo-pulse. The eggs were flushed out from the slit by rapidly
introducing medium into the perivitelline space from behind the
eggs. These ZP-free eggs then were transferred to TYH drops, and
incubated at 37°C under 5% CO2 in air until use.
Sperm–Egg Binding and Fusion Assays
Fresh “green sperm” from the cauda epididymis of Acr-EGFP,
calmegin/, or calmegin/ males were dispersed in 0.2-ml drops of
TYH medium, diluted to 1  106 sperm/ml, and incubated for 2 h
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to induce capacitation and the “spontaneous” AR. The sperm (50
sperm/l) were added to ZP-free eggs preloaded with Hoechst
33342 (1 g/ml) (Conover and Gwatkin, 1988) and incubated at
37°C under 5% CO2 in air for 30 min. After incubation, eggs were
transferred to a drop of FHM (Lawitts and Biggers, 1993) containing
0.25% glutaraldehyde or 0.1% paraformaldehyde for fixation. The
sperm bound on the eggs were observed with an IX-70 fluorescent
microscope (Olympus) equipped with CoolSNAP fx color digital
camera (Roper Scientific). For GFP observation, the filter set
U-MNIBA was used. To detect sperm–egg fusion, the transfer of
Hoechst 33342 from egg to sperm was observed under UV excita-
tion light (Conover and Gwatkin, 1988) with the U-MWU filter set.
Indirect Immunofluorescent Staining of ZP-Free Eggs
ZP-free eggs were incubated in 50 l of FHM containing rat
anti-mouse ZP3 monoclonal antibody IE-10 (0.4 ng/ml; American
Type Culture Collection) for 1 h at room temperature. Eggs were
washed three times with fresh FHM, incubated with Alexa Fluor
546-labeled goat anti-rat IgG (H  L) (4 g/ml; Molecular Probes,
Inc.) for 1 h at room temperature, washed again, and observed by
fluorescence with the U-MWIG filter set.
RESULTS
Preparation of ZP-Free Eggs by a Piezo-Driven
Micromanipulator
To analyze sperm–EPM interactions, typically it is nec-
essary to prepare ZP-free eggs. However, chemical, e.g.,
acidic Tyrode’s solution (Evans, 1999), and enzymatic, e.g.,
chymotrypsin (Takahashi et al., 1995), treatments may
alter components on the egg surface even after allowing the
eggs to “recover.” To prepare ZP-free eggs as intact as
possible, we developed a method to release eggs from the
zonae by a mechanical procedure using a piezo microma-
nipulator. The procedure involves drilling a slit in the ZP
with the manipulator followed by the flushing out the egg
(Fig. 1). Approximately 100 eggs/h can be prepared by this
method. The procedures were recorded and may be down-
loaded from ftp://ftp.gen-info.osaka-u.ac.jp/PiezoEPM. The
eggs prepared by these two different methods look visually
similar at the light microscopic level. (For the purposes of
this report, ZP-free eggs prepared with the piezo manipula-
tor will be designated as piezo-EPM, while ZP-free eggs
prepared with acidic Tyrode’s solution will be designated as
acid-EPM, respectively.)
More Sperm Bound the Acid-EPM Than
the Piezo-EPM
ZP-free eggs were prepared either by treatment with
acidic Tyrode’s solution or with a micromanipulator, pre-
loaded with Hoechst 33342, and inseminated with capaci-
tated sperm. After 30 min, sperm that bound to the EPMs
were fixed and counted (Fig. 2 and Table 1). More than twice
the number of sperm bound the acid-EPM when compared
with the piezo-EPM (Figs. 2a and 2e, and Table 1). To
FIG. 1. Preparation of ZP-free eggs using a piezo micromanipulator. Eggs were freed from the cumulus cells and placed in a drop of FHM.
A pipette, attached to a piezo-driven micromanipulator, was used to form a slit in the ZP (a, b). The egg was then flushed out through the
slit by rapidly introducing medium into the perivitelline space from behind the eggs (c–f).
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FIG. 2. Comparison of sperm binding and fusing abilities to acid-EPM and piezo-EPM. “Green sperm” from Acr-EGFP transgenic mice
were capacitated for 2 h and then mixed with eggs preloaded with Hoechst 33342 that were prepared with acidic Tyrodes’s solution (a–d)
and a piezo-manipulator (e–h). After 30 min of incubation, eggs were fixed and visualized by fluorescence microscopy to assay sperm–EPM
binding and fusion. (a, e) Bound sperm (Hoffman modulation contrast optics). Considerably more sperm were present on the acid-EPM than
the piezo-EPM. (b, f) Fused sperm are stained with Hoechst (arrowheads) due to dye transfer from the egg. Similar numbers of fused sperm
were seen with both types of egg preparation. The larger egg nucleus also stained. (c, g) Acrosome-intact sperm had “green-fluorescent”
acrosomes. The majority of sperm bound to eggs prepared with the acidic Tyrode’s solution were acrosome-intact, while few sperm prepared
by the piezo-micromanipulator that bound to eggs were acrosome-intact. (d, h) A magnified view of individual eggs with bound and fused
sperm. Fused sperm are indicated (arrowheads), and the acrosome-intact sperm show green fluorescence.
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analyze whether sperm binding ability reflected their abil-
ity to subsequently fuse with the egg, fused sperm were
counted by identifying sperm heads that were now stained
with Hoechst 33342 from the eggs (Figs. 2b and 2f). Even
though the number of sperm bound to the acid-EPM was
significantly greater than for the piezo-EPM, a similar
number of sperm fused/egg in the two treatment groups.
The Majority of Sperm That Bound to the Acid-EPM
Were Acrosome-Intact
In order to examine the acrosomal integrity of the sperm
acrosome after binding the EPM, we used “green sperm”
obtained from Acr-EGFP transgenic mice that accumulate
green fluorescent protein in their acrosomes (Nakanishi et
al., 1999). Acrosomes from this transgenic mouse line are
fluorescent if they remain intact, but after the AR, fluores-
cence is quickly lost. “Green sperm” were added to eggs
prepared by the two methods, and the acrosomes of bound
sperm were examined by fluorescent microscopy. The vast
majority of the sperm bound to the EPM prepared with
acidic Tyrode’s solution had intact acrosomes, while most
of the sperm on the EPM prepared with a piezo manipulator
were acrosome-reacted (Figs. 2c and 2g, and Table 1).
Importantly, when we compared the number of acrosome-
reacted sperm bound with the EPM, no difference was
found between the two kinds of EPM preparations (Table 1).
ZP3 Remained on Eggs Prepared with Acidic
Tyrode’s Solution
To examine why more sperm and, in particular, more
acrosome-intact sperm bound the acid-EPM than the piezo-
EPM, the anti-ZP3 monoclonal antibody (IE-10) was incu-
bated with “ZP-free” eggs prepared by the two methods.
The piezo-EPM showed no immunoreactivity for ZP3,
while the acid-EPM showed distinct immunofluorescence
appearing as a “halo” around the egg (Fig. 3). Immunofluo-
rescence was not observed after staining the acid-EPM with
the second antibody alone, indicating that the immunore-
activity for ZP3 was specific (data not shown).
Acrosomal Status of Sperm from Calmegin-
Disrupted Mouse
Previously, we demonstrated that sperm from calmegin
knockout mice are severely defective in their ability to bind
ZP-free eggs prepared with acidic Tyrode’s solution (Ikawa
et al., 2001). However, given our results (Table 1), which
indicate that a large percentage of sperm that bound the
acid-EPM is due to the binding of acrosome-intact sperm, it
became important to reevaluate the EPM-binding and
-fusing abilities of sperm from calmegin-null animals.
When the acid-EPM were prepared, a much larger number
of sperm from calmegin/ animals bound to the eggs
compared with sperm from calmegin/ mice (Figs. 4a and
4d, and Table 2). These results are similar to those previ-
ously reported (Ikawa et al., 2001). However, when the acro-
somal status of these bound sperm now were observed by
fluorescent microscope, a significant difference between
calmegin/ and calmegin/ mice was found. Although
almost all of the sperm from the null animals that bound to
the acid-EPM were acrosome-reacted, up to 50% of the
sperm from the calmegin/ mice were acrosome-intact
(Figs. 4c and 4f, and Table 2). This result suggests that
acrosomal-intact sperm from the calmegin/ mice can still
bind the EPM presumably due to the remnants of ZP3
remaining on the eggs prepared with acidic Tyrode’s solu-
tion. However, only acrosomal-reacted sperm from null
animals will bind these EPM preparations, despite the
presence of zona components, because they lack the ability
to bind the ZP. In contrast, when eggs were denuded by the
piezo micromanipulator, no significant difference in the
number of sperm bound from / and / animals was
observed (Figs. 4g and 4j, and Table 2). Furthermore, the
sperm from both types of animals that bound to the
mechanically prepared ZP-free eggs were exclusively
acrosome-reacted (Figs. 4i and 4l). When the numbers of
acrosome-reacted and fused sperm bound to the piezo-EPM
were counted, there was no difference between calmegin/
and calmegin/ animals (Table 2). These data suggest that
sperm from calmegin knockout mice retain both their
EPM-binding and -fusing abilities.
The number of acrosome-intact sperm from calmegin/
TABLE 1
Comparison of Sperm/EPM Interaction Using Zona-Free Eggs Prepared by Two Different Methodsa
Treatment
No. of eggs
examined
No. of sperm on egg surface
Bound Fused Acrosome-intact Acrosome-reactedb
Acidic Tyrode’s solution 98 10.0  1.73c 1.67  0.73 7.17  0.85e 2.59  1.33
Piezo-micromanipulator 126 3.14  0.29d 1.14  0.32 0.32  0.02f 2.81  0.27
a The data represent the means  SD from three independent experiments.
b Numbers of acrosome-reacted sperm were calculated by subtraction of acrosome-intact sperm from total bound sperm on egg surface.
c–f Data for the numbers of sperm bound on acid-EPM and piezo-EPM were statistically analyzed by Student’s t test: c vs d: P  0.01;
e vs f: P  0.01.
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animals that bound to the piezo-EPM was slightly higher
(0.39  0.29 vs 0.03  0.04) than sperm from calmegin/
animals (Table 2). It is possible that ZP3 continues to be
synthesized and anchored in the EPM through its trans-
membrane domain after the eggs are prepared by the piezo
manipulator. If so, acrosome-intact / sperm, but not
acrosome-intact / sperm, would have the ability to bind
the small amount of ZP3 on these eggs. Regardless, any
difference may not be biologically relevant since sperm
have to be acrosome-reacted to interact and bind with the
EPM in vivo.
DISCUSSION
Using a combination of “green sperm” from calmegin/
and calmegin/ mice to assess acrosomal status and a new
technique to prepare ZP-free eggs without chemicals and/or
enzymes, we have reexamined the involvement of calmegin
in sperm–EPM interaction. “Green sperm” have normal
fertilizing ability but accumulate GFP in their acrosomes,
allowing the analysis of acrosomal status without any
pretreatment and in a “real time” basis (Nakanishi et al.,
1999, 2001). Moreover, when eggs are preloaded with
Hoechst 33342, “green sperm” that bind to the EPM can be
divided into three categories: (1) acrosome-intact, (2)
acrosome-reacted but not fused, and (3) acrosome-reacted
and fused. We have shown that eggs prepared with acidic
Tyrode’s solution still retained remnants of ZP3 on their
surface, which results in the artifactual binding of
acrosome-intact sperm to the EPM. In contrast, eggs pre-
pared using a piezo-micromanipulator had no detectable
ZP3 on their surfaces and bound few, if any, acrosome-
intact sperm. Sperm from calmegin/ animals were previ-
ously shown to have defects in EPM binding. However,
using eggs prepared with a micromanipulator, these sperm
retained levels of binding and fusogenic activities compa-
rable to sperm from calmegin/ mice. These results suggest
that the sperm defect in these knockout animals is not at
the level of sperm–EPM interaction. Rather, it may be due
to the inability of calmegin/ sperm to ascend to the
oviduct and/or sperm–ZP binding (Ikawa et al., 2001).
Utilization of the Piezo-Manipulator to Prepare
ZP-Free Eggs
The induction of the sperm’s AR after ZP binding leads to
a loss of part of the sperm’s plasma membrane and the
exposure of its inner acrosomal membrane. Sperm then
penetrate the ZP and eventually reach and bind to the EPM.
Thus, any analysis of the sperm–EPM interaction in vitro
ideally should use ZP-intact eggs. However, when ZP-intact
eggs are used, it is extremely difficult to detect the bound
and fused sperm on the EPM. Instead sperm–egg binding
has been studied using ZP-free eggs prepared by chemical,
e.g., acidic Tyrode’s solution, or enzymatic treatments, e.g.,
chymotrypsin. Because chymotrypsin (Boldt et al., 1988;
Takahashi et al., 1995) may be more harsh on egg mem-
brane constituents than the acidic Tyrode’s solution (Evans,
1999), we used the latter method previously for the denu-
dation of eggs (Ikawa et al., 2001). However, as shown here,
eggs prepared by this method still allowed acrosome-intact
sperm to bind. Consistent with this finding, remnants of
ZP3 remained on the egg. When eggs were prepared with
chymotrypsin, a method used by other investigators to
study sperm–egg interaction (Chen et al., 1999; Cho et al.,
1998) and immunostained with anti-ZP3, little immnuno-
reactivity was observed (data not shown). However, signifi-
cantly higher (P  0.01) numbers of acrosome-intact sperm
(1.78  0.22) bound to these eggs compared with eggs
prepared with a piezo micromanipulator (0.32  0.02),
suggesting that remnants of ZP3 still remained on the
surfaces of these eggs, similar to eggs prepared with acidic
Tyrode’s solution. The lack of ZP3 immunoreactivity may
be due to the removal or alteration by chymotrypsin treat-
ment of the antigenic epitope(s) recognized by anti-ZP3. In
contrast, eggs prepared with a piezo-micromanipulator had
no detectable ZP on their surface and bound few acrosome-
intact sperm.
TABLE 2
Comparison of Sperm/Egg Interaction between CM/ and CM/ Mouse Sperma
Treatment
Genotype of
calmegin
No. of eggs
examined
No. of sperm on egg surface
Bound Fused Acrosome-intact Acrosome-reactedb
Acidic Tyrode’s solution / 105 10.81  4.23 3.63  1.35 5.46  2.20 5.35  2.08
/ 125 2.15  0.94 1.41  0.44 0.02  0.03 2.13  0.91
Piezo-micromanipulator / 112 2.98  1.20* 1.75  0.38* 0.39  0.29c 2.59  1.01*
/ 121 2.19  0.82* 1.41  0.26* 0.03  0.04d 2.16  0.84*
a The data indicate means  SD from three independent experiments.
b Numbers of acrosome-reacted sperm were calculated by subtraction of acrosome-intact sperm from total bound sperm on egg surface.
* Differences in values between calmegin / and calmegin / were not statistically significant except between c and d, where P 
0.05 as analyzed by Student’s t test.
353Sperm Binding and Fusion to Piezo-Denuded Eggs
© 2002 Elsevier Science (USA). All rights reserved.
Are Calmegin and Fertilin  Involved
in Sperm–EPM Interaction?
Fertilin, the heterodimer of fertilin  and , initially was
thought to be involved in sperm–EPM binding and fusion by
interacting with the integrin 61 on the egg surface
through the disintegrin domain of fertilin . When a
function-blocking antibody against fertilin  (Primakoff et
al., 1987) or recombinant proteins of fertilin  and  were
assayed, sperm–egg binding was inhibited (Evans et al.,
1997a,b). Peptide analogues containing the RGD-like tri-
peptide corresponding to the disintegrin domain of fertilin 
also inhibited egg binding and fusion (Almeida et al., 1995;
Evans et al., 1995; Myles et al., 1994; Yuan et al., 1997).
However, recent reports raise questions about the specific-
ity of the peptides and suggest that they may block recep-
tors that recognize other ADAMs (Frayne and Hall, 1999;
McLaughlin et al., 2001). Moreover, eggs from transplanted
ovaries of mice lacking the 6 integrin subunit have normal
sperm-binding and fusogenic abilities (Miller et al., 2000).
Calmegin is a putative testis-specific molecular chaper-
one which is absent from mature sperm (Yoshinaga et al.,
1999) and is probably responsible for the correct folding and
transport of testis proteins. Consistent with this idea,
calmegin directly associates with fertilin  and  in the
testis, where it is involved in their heterodimerization
(Ikawa et al., 2001). In addition, the absence of fertilin  in
sperm from calmegin knockout animals suggests that
calmegin is necessary for the appearance of this protein on
the sperm surface (Ikawa et al., 2001). If not targeted
correctly during spermatogenesis, proteins other than ferti-
lin  could be missing in sperm from the calmegin/
animals. However, the similarity in phenotypes shown for
FIG. 3. Indirect immunofluorescent staining of acid- and piezo-EPM by anti-ZP3 monoclonal antibody. ZP-free eggs prepared by acidic
Tyrode’s solution (a, b) or a piezo-driven micromanipulator (c, d) were stained with rat anti-mouse ZP3 monoclonal antibody (IE-10). The
antibody on the EPM was visualized by incubating with Alexa Fluor 546-labeled goat anti-rat IgG (H  L). Both of the fluorescent
photomicrographs (b, d) were taken under the same conditions.
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sperm from the calmegin and fertilin  null animals, e.g.,
defects in migration to the oviduct and loss of ZP-binding
ability, suggest that the phenotype of the calmegin/ sperm
is due to the absence of fertilin  (and not other proteins) on
the sperm surface. We would predict that if sperm from
fertilin / animals were assayed for EPM interaction using
eggs prepared with a piezo micromanipulator, sperm bind-
ing and fusion would not be lower in comparison to sperm
from wild-type animals due to the elimination of binding of
acrosome-intact sperm. If confirmed, it would indicate that
the role of fertilin in sperm, similar to calmegin, is not at
the level of EPM binding and fusion. In the future, it will be
necessary to identify the sperm molecules involved in
binding and fusion to the egg.
Cho et al. (1998) concluded that fertilin  is important in
sperm–EPM fusion based on their observations that fertilin
/ sperm show impaired fusion ability to the EPM pre-
pared by chymotrypsin. However, in those experiments,
higher concentrations of sperm were used and the sperm
were incubated with eggs for a longer time period when
compared with the conditions used in this report. Under
such conditions, we predict that the numbers of acrosome-
intact sperm from fertilin / animals that bind to the EPM
would be high. This would lead to an increase in the
numbers of spontaneously acrosome-reacted sperm. These
sperm would have the ability to fuse with the EPM. When
compared with the acrosome-intact sperm from fertilin
-null animals which cannot bind to the ZP remaining on
FIG. 4. Binding and fusing abilities of calmegin/ and calmegin/ sperm to acid- and piezo-EPM. “Green sperm” from calmegin/ (a–c
and g–i) and calmegin/ (d–f and j–l) animals were capacitated for 2 h and then mixed with denuded eggs prepared by acidic Tyrode’s
solution (a–f) and a piezo-manipulator (g–l). After 30 min of incubation, the eggs were fixed and the sperm on the eggs were observed. The
bound sperm observed under Hoffman modulation contrast (a, d, g, j), the Hoechst 33342 stained-fused sperm (b, e, h, k), and the green
fluorescent acrosome-intact sperm (c, f, i, l) are shown.
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the EPM, it would appear that a decrease in fusion occurs.
Similarly, the number of sperm that fused to acid-EPM was
slightly decreased in calmegin/ animals when compared
with calmegin/ animals (Table 2).
Possible Roles of Fertilin  in Fertilization
If fertilin  (and calmegin) is not involved in EPM
binding/fusion, it may play a role in sperm–ZP binding and
the sperm’s ability to ascend to the oviduct, the two other
roles that have been suggested for both proteins (Cho et al.,
1998; Ikawa et al., 1997, 2001). To reach the oocyte, sperm
must swim through the uterus, enter into the colliculus
tubarius, and pass through the uterotubal junction before
entering the oviduct. During transit, sperm adhere to the
epithelial lining. This binding is not irreversible, i.e., sperm
can bind to and release from the epithelium multiple times
during transit (Suarez, 1987). In the lower isthmus of the
oviduct, sperm bind tightly and the epithelium in this
region acts as a sperm reservoir until ovulation is ready to
occur (Suarez, 1987; Suarez and Osman, 1987). It is thought
that bound sperm become hyperactivated, release them-
selves from the oviductal epithelium due to the loss or
modification of a sperm surface component, and then
continue their passage to the egg (DeMott et al., 1995).
While relatively little is known about this process on a
molecular level, sperm–oviductal epithelial cell interac-
tion appears to be mediated by carbohydrate recognition in
some mammalian species (DeMott et al., 1995). Whether
calmegin/ sperm have defects in carbohydrate-mediate
binding to the epithelium in both the uterus and oviduct
needs to be examined.
Similarly, the ability of ZP3 to bind sperm is dependent
on carbohydrate recognition, specifically galactose, indicat-
ing that any sperm protein involved in ZP interaction must
bind this moiety (Bleil and Wassarman, 1980). A number of
molecules have been proposed as ZP-binding proteins or
signaling receptors on mammalian sperm (Wassarman,
1999). Some of these, such as -1,4-galactosyltransferase,
can bind carbohydrates (Miller et al., 1992). However, none
of these proteins have been conclusively shown to function
alone as the sperm receptor (Lu and Shur, 1997). Thus, both
sperm–ZP binding and sperm–oviductal epithelium bind-
ing, appear to consist of carbohydrate-mediate interactions.
While fertilin  does not appear to have a potential
carbohydrate-binding domain, it is possible that multiple
proteins act in concert with fertilin  to bind the oligosac-
charide chain of ZP3 and oviductal epithelium. In the
future, it will be important to examine the relationship
between fertilin  and other potential carbohydrate-binding
molecules and their potential role in sperm/ZP binding.
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